r With daily electrophysiological recordings and neurochemical analysis, we uncovered a transient period of synaptic imbalance between enhanced inhibition and suppressed excitation in rat visual cortical neurons from the end of the fourth toward the end of the fifth postnatal weeks.
Introduction
The mammalian visual cortex is not mature at birth and undergoes both structural and functional adjustments postnatally (Fagiolini et al. 1994) . In the rat, within a few days after eye opening, visual acuity is only half its adult value, and both direction-and orientation-selectivity are not apparent (Fagiolini et al. 1994) . Very little is known about the progression of synaptic and neurochemical development in the normal rat visual cortex. Because abnormal development can lead to a host of visual impairments, it is crucial to understand the normal process.
Notable during postnatal visual cortical development is a critical period discovered in studies of monocularlydeprived kittens and monkeys (Hubel & Wiesel, 1970; Hubel et al. 1977) . Cortical neurons are particularly sensitive to environmental perturbations or experimental manipulations during that time. In rodents, dark rearing prolongs the critical period of plasticity and renders many neurons non-selective for orientation and direction of movement (Fagiolini et al. 1994; Gianfranceschi et al. 2003) and monocular deprivation (MD) reduces the excitability and binocularity of neurons (Fagiolini et al. 1994; Nataraj et al. 2010) . The extent of the critical period varies among species. In the rat, the exact timing is not well-defined because, typically, only a few time points were examined, and deprivation periods varied widely among studies (Rothblat & Schwartz, 1979; Guire et al. 1999) .
Currently, two widely accepted premises exist regarding the critical period in rodents: (i) the development and maturation of GABAergic inhibition are essential for the opening and closure of this period (Hensch et al. 1998; Fagiolini & Hensch, 2000) and (ii) the increase in GABA inhibition is dependent on an increase in brain-derived neurotrophic factor (BDNF) during this time (Hanover et al. 1999; Huang et al. 1999; Gianfranceschi et al. 2003) . BDNF is known to be involved in neuronal differentiation, survival, neurite outgrowth, synapse formation, stabilization and plasticity (Thoenen, 1995; Yoshii & Constantine-Paton, 2010) . In the visual cortex of rodents, the level of BDNF mRNAs reportedly increases after eye opening, peaks during the critical period, and plateaus until adulthood (Castren et al. 1992; Bozzi et al. 1995; Patz and Wahle, 2006) . Relatively few studies have been performed on the expression of BDNF protein during development. Rossi et al. (1999) reported that BDNF immunoreactivity 'peaks during the critical period' ('from P15 to P30') and is 'adult-like after P20' . However, only five time points were examined [postnatal days (P)5, 10, 15, 20 and adult]. Tropea et al. (2001) found that BDNF-immunoreactive neurons increased from P13 to P23, and plateaued from P23 to P90. Again, the period between P23 and P90 was not examined. Thus, both mRNA and protein expression of BDNF from P20/P23 to adulthood was assumed to be a plateau rather than empirically determined. The increase in GABAergic inhibition during the critical period and the proposed peaking of BDNF expression at that time form the basis for the assumption that the two are positively correlated. Over-expressing BDNF also affected the timing of the critical period . Because most of the studies regarding the positive relationship between GABA and BDNF incorporated experimental perturbations, including dark rearing, visual deprivation or genetic manipulations (Hanover et al. 1999; Huang et al. 1999; Levelt & Hubener, 2012; Deidda et al. 2015) , the temporal relationship between the two features during normal development remains unclear.
A critical period of development exists not only in the visual system, but also in the auditory, vestibular, respiratory (Filiano and Kinney, 1994; Robson, 2002; Kral, 2013) and perhaps other systems as well. In probing the physiological and neurochemical bases for such a period in the rat respiratory system, we found a 2 day window (postnatal days P12-P13) during which a distinct synaptic imbalance exists with suppressed excitation and enhanced inhibition, when the animal's response to hypoxia is at its weakest (Liu & Wong-Riley, 2002; Wong-Riley & Liu, 2008; Gao et al. 2011) . Strikingly, the levels of BDNF and its high-affinity tropomyosin-related kinase (Trk) B receptors are reduced rather than elevated during this time in multiple brain stem respiratory-related nuclei (Liu & Wong-Riley, 2013; Gao et al. 2014 Gao et al. , 2015 . This negative relationship between inhibition and BDNF during a critical period of respiratory development is at odds with the existing model for the visual system. The possibility that BDNF may have opposing effects in the respiratory and visual systems during development deserves further scrutiny.
The present study aimed (i) to monitor the synaptic and neurochemical development of the rat visual cortex daily, from the day of eye opening (P14) to P36, when cortical neurons presumably have matured and (ii) to determine the relationship between BDNF and synaptic/neurochemical development under normal and monocularly-deprived states. The neurochemicals tested included the metabolic marker of neuronal activity, cytochrome oxidase (CO), whose level is positively correlated with the energy demand of membrane repolarization after excitatory depolarization in neurons (Wong-Riley, 1989) , glutamatergic NMDA receptor -isoxazolepropionic acid (AMPA) receptor (AMPAR) GluA1, inhibitory GABAergic receptor GABA A Rα1, brain-derived neurotrophic factor BDNF and its TrkB receptor, and Cl − importer NKCC1 and the Cl − exporter KCC2 to indicate possible switches in dominance of the two during development (Liu and Wong-Riley, 2012) .
We tested our hypotheses that (i) synaptic and neurochemical development of the rat visual cortex do not follow a straight trajectory of incremental or decremental growth but rather, it will go through an abrupt and transient period of synaptic imbalance and (ii) that a decrease (rather than an increase) in BDNF expression correlates with an increase in GABAergic inhibition during the critical period of the rat visual cortical development.
Methods

Ethical approval
All animal experiments were performed in accordance with the US National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee (IACUC) of the Medical College of Wisconsin (MCW, Milwaukee, WI, USA). Our ethics approval reference number granted by MCW's IACUC is AUA834. Our experiments also conform to the principles and regulations as described in Grundy (2015) .
Animals
For visual cortical studies, a total of 235 Sprague-Dawley (SD) rats (Taconic Bioscience, Hudson, NY, USA) of both sexes from 27 litters were used. The distribution between male and female animals was roughly even for each group and each experiment. They were housed under a 12:12 h light/dark ambient photocycle with food and water available ad libitum. They were subdivided into five major groups: (i) normal synaptic development monitored by patch clamp recordings; (ii) normal neurochemical development; (iii) effect of in vivo TrkB agonist and antagonist on synaptic responses at three postnatal time points; (iv) effect of MD with or without TrkB agonist or antagonist on synaptic responses; and (v) effect of MD with or without TrkB agonist or antagonist on neurochemical expression. The bulk of the primary visual cortex examined was from the more medial portion that received input primarily, if not exclusively, from the contralateral eye.
In addition, two litters of hooded Long-Evans (LE) rats (Charles River Laboratories, Inc., Hartford, CT, USA) of both sexes were used for normal neurochemical developmental studies. They were also housed under the same conditions as the SD rats.
For optical coherence tomography (OCT) studies, two SD rats (one male and one female) were scanned at P23, P30 and P37; and two LE rats (one male and one female) were scanned at 3½ months of age (adult).
Whole-cell patch clamp recordings
SD rats of both sexes were used. For normal developmental studies, littermates were removed for recording on either odd days or even days, and each day from P14 to P36 was covered by animals from at least two litters. Procedures for patch clamp recordings were comparable to those reported previously (Gao et al. 2011) . Briefly, animals were anaesthetized with isoflurane inhalation and decapitated. The brains were removed quickly and chilled in ice-cold sucrose-cerebrospinal fluid (sucrose-CSF) that contained (in mM): 220 sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 7 MgSO 4 , 26 NaHCO 3 , 25 glucose, 11.6 sodium ascorbate and 3.1 sodium pyruvate, pH 7.4. Visual cortices were dissected, and horizontal slices of 300 μm thickness were cut with a vibratome (Microslicer DTK-1000; Ted Pella, Inc., Redding, CA, USA) in ice-cold sucrose-CSF gassed with carbogen (95% O 2 /5% CO 2 ). The slices were transferred to an incubation chamber and maintained for 1 h in artificial CSF (aCSF) that contained (in mM): 119 NaCl, 3 KCl, 2 CaCl 2 , 2 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 and 10 glucose. The aCSF was saturated with carbogen (95% O 2 /5% CO 2 ) at room temperature (22.5°C).
Individual slices were transferred to a recording chamber on the microscope stage equipped with J Physiol 596.18 infrared-differential interference contrast microscopy (Olympus BX51W1; Olympus America Inc., Center Valley, PA, USA). Slices were submerged with a constant flow of oxygenated aCSF and stabilized with platinum wire weights. Patch pipettes were pulled from borosilicate (KG-33) glass capillary tubings (1.5 mm outer diameter; King Precision Glass, Claremont, CA, USA) with a Narishige PC-10 two-stage electrode puller (Narishige International Inc., Amityville, NY, USA). All recordings were performed at 32 ± 1°C using an automatic temperature controller (Warner Instruments, Hamden, CT, USA). All drugs were bath applied in the aCSF and the recordings to be analysed did not start until the responses were stabilized. In each 5 min of recording, we selected three continuous stabilized synaptic activities of 1 min in duration in the middle of the 5 min for analysis.
When recording basic electrophysiological characteristics (membrane capacitance, input resistance, rheobase current and series resistance), the pipette solution comprised (in mM): 140 K-gluconate, 5 KCl, 2 MgCl 2 .6H 2 O, 10 Hepes, 0.2 EGTA-Na, 4 MgATP, 0.3 Na 2 GTP and 10 Na 2 -phosphocreatine, pH 7.2, with KOH. When recording spontaneous ESPCs (sEPSCs), the pipette solution comprised (in mM): 125 Cs-gluconate, 10 CsCl, 10 Hepes, 10 EGTA, 1.2 MgCl 2 , 2 MgATP, 0.3 Na 2 GTP and 10 Na 2 -phosphocreatine, pH 7.25. When recording spontaneous IPSCs (sIPSCs), the pipette solution comprised (in mM): 135 CsCl, 10 Hepes, 10 EGTA, 1.2 MgCl 2 , 2 MgATP, 0.3 Na 2 GTP and 10 Na 2 -phosphocreatine, pH 7.25 with CsOH. The pipette resistance was 3-5 M when filled with the above solution. For sEPSCs, 1 μM strychnine and 10 μM bicuculline were added to the aCSF to block glycinergic currents and GABAergic currents, respectively. For sIPSCs, 25 μM D-2-amino-5-phosphonopentanoic acid (D-APV; a NMDA receptor antagonist) and 20 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; an AMPA/kainate receptor antagonist) were added to the aCSF to block NMDA and AMPA currents, respectively. All sEPSCs and sIPSCs were recorded at a V H of −70 mV in layer V visual cortical neurons.
In total, 46 animals of both sexes from five litters were used at representative time points for recording miniature EPSCs (mEPSCs) and miniature IPSCs (mIPSCs). Recordings were made at a holding potential of −70 mV with 0.5 μM TTX added to the aCSF to block voltagedependent Na + channels, thereby blocking the generation of action potentials. Moreover, 10 μM bicuculline and 1 μM strychnine were included for mEPSCs, whereas 20 μM CNQX and 25 μM D-APV were added for mIPSCs. For mEPSCs, the pipette solution comprised (in mM): 130 Cs-methylsulphate, 10 Hepes, 1.1 EGTA-Na, 10 CsCl, 2.5 Mg-ATP, 0.3 Na 2 GTP and 2 MgCl 2 , pH 7.2-7.4 with CsOH. For mIPSCs, the pipette solution comprised (in mM): 100 K-gluconate, 50 KCl, 2 MgCl 2· 6H 2 O, 10 Hepes, 0.2 EGTA-Na, 2 MgATP, 0.3 Na 2 GTP and 10 Na 2 -phosphocreatine, pH 7.2-7.4 with KOH.
For recording evoked excitatory EPSCs and IPSCs (eEPSCs and eIPSCs) at different ages (P18, P25, P28, P36), the pipette solution comprised (in mM): 130 Cs-methylsulphate, 10 CsCl, 10 Hepes, 1.1 EGTA-Na, 2 MgCl 2 , 2.5 Mg-ATP and 0.3 Na 2 GTP, pH 7.25 with CsOH. The pipette resistance was 3-5 M when filled with the above solution. Electrical stimulation was delivered by a bipolar tungsten stimulation electrode that was placed at a fixed distance (ß100-150 μm) rostral to the somata of the recorded layer V neurons. Both excitatory and inhibitory currents were recorded for each neuron tested. The excitation-inhibition ratio (E/I ratio) was measured in the presence of the 25 μM NMDA receptor antagonist D-APV. Neurons were voltage clamped at the reversal potentials for synaptic excitation (0 mV) and inhibition (-60 mV) to isolate eIPSCs and eEPSCs, respectively. The E/I ratios were calculated by dividing the amplitude of eEPSC by the amplitude of eIPSCs. For each neuron, there were six stimulations for either EPSCs or IPSCs, and the interval between each stimulation was 15 s. To determine AMPA-vs. NMDA-mediated eEPSC ratio, bicuculline (10 μM) and strychnine (1 μM) were added to the aCSF to block inhibitory currents, and cells were voltage clamped at +40 mV. A stable baseline recording of total eEPSCs was achieved, followed by the application of D-APV (25 μM) in the bath for 6-10 min to isolate the fast AMPAR-mediated EPSCs. By subtracting the AMPAR-EPSCs from the total EPSCs in the same neuron, the NMDAR-EPSCs were obtained. The AMPA/NMDA ratio was calculated from the peaks of each. On average, 12-20 eEPSCs were collected for each type of EPSCs.
Whole-cell recordings were made using a patch clamp amplifier (Multiclamp 700B; Molecular Devices, Union City, CA, USA). Data acquisition and analysis were performed using a digitizer (DigiData 1440A) and pClamp, version 10 (Molecular Devices). Signals were filtered at 2 kHz and sampled at 10 kHz. Series resistance (15-30 M ) was monitored throughout the recordings and data were discarded if the resistance changed by >20%. Membrane capacitance (Cm, in units of pF) was calculated from the function Cm = τ/Rs, where τ = time constant (μs) and Rs = series resistance (M ). Input resistance of neurons was measured by dividing the average voltage deflection (10 consecutive sweeps) of the membrane potential by a hyperpolarizing 50 pA current step (250 ms). Rheobase current was quantified as the minimal depolarizing current step (2 Hz, 25 ms in duration, intervals of 10 pA) sufficient to elicit an action potential.
All common chemicals were obtained from Sigma (St Louis, MO, USA). CNQX and all other drugs (e.g. antagonists) were from Tocris Bioscience (Ellisville, MO, USA). Pups were anaesthetized with sodium pentobarbital (60 mg kg −1 ) I.P. and initially perfused intracardially with warm saline (37°C) followed by cold 4% paraformaldehyde-4% sucrose (4°C) in 0.1 M sodium PBS, pH 7.4. Visual cortices were promptly removed, postfixed in the same fixative for 1 h at 4°C, cryoprotected with 30% sucrose in 0.1 M PBS at 4°C, and then frozen on dry ice and stored at −80°C until use.
Serial coronal sections (16 μm thickness) of visual cortices were cut with a Leica CM1850 cryostat (Leica Microsystems, Nussloch, Germany). They were each processed for (i) histochemical reaction for CO, as described previously (Wong-Riley, 1979) or (ii) immunohistochemical reaction, as described previously (Liu & Wong-Riley, 2002) for GluN1, GluA1, GABA A Rα1, BDNF, TrkB, NKCC1 and KCC2. Cytochrome oxidase is a metabolic marker for neuronal activity (Wong-Riley, 1989) . GluN1 (or NMDAR1) is an obligatory subunit 1 of NMDA receptor (Moriyoshi et al. 1991) . GluA1 (or GluR1) is subunit 1, a major subunit of the AMPAR (Boulter et al. 1990) . GABA A Rα1 is the α1, a major subunit of GABA A receptor (Levitan et al. 1988) . BDNF is the second neurotrophic factor to be discovered (Barde et al. 1982) . TrkB is tropomyosin receptor kinase or tyrosine protein kinase B, a high-affinity receptor of BDNF (Klein et al. 1989) . NKCC1 is Na + /K + /2Cl − cotransporter 1, a Cl − importer (Xu et al. 1994) . KCC2 is a neuron-specific K + /Cl − cotransporter, a Cl − exporter (Payne et al. 1996) . The primary antibodies used are listed in Table 1 . The anti-BDNF polyclonal antibody (sc-546, N-20) was a purified immunoglobulin raised against an internal region of human BDNF and did not cross-react with neurotrophic factor 3 or nerve growth factor. By western blot analysis, this antibody yielded a single band at the correct molecular weight of 14 kDa (Ricci et al. 2004 ). It did not show any immune signals in brain tissues of BDNF knockout mice (Tongiorgi et al. 2004 ). This antibody has been used in many studies, including previous studies conducted by ourselves (Hwang et al. 2005; Galvão et al. 2008; Liu and Wong-Riley, 2013) . The anti-TrkB rabbit polyclonal antibody (sc-12) was a purified immunoglobulin raised against the intracellular C-terminus (amino acids 794-808) of mouse TrkB and did not cross-react with tropomyosin-related kinase A or C. Its specificity was confirmed by a single band at the expected molecular size (ß145 kDa) in western blots (Ricci et al. 2004 ) and the manufacturer's datasheet), as well as the preadsorption test (Ricci et al. 2004) . This antibody has also been used in several studies, including our own (Ricci et al. 2004 ; Hecht et al. 2005; Lee et al. 2007; Liu and Wong-Riley, 2013 ). The anti-GABA A Rα1 polyclonal antibody (G4416) was developed in rabbits using a highly purified peptide QPSQDELKDNTTVFTR, corresponding to amino acids 1-16 of the mouse or rat GABA A receptor α1 subunit (residues 28-43 of the precursor) with an additional C-terminal cysteine as the immunogen. The epitope is specific for the GABA A receptor α1 subunit. It shows limited homology with α5 and α2 subunits but no homology with any other known proteins. Western blots showed a single band of the correct molecular weight (ß51 kDa) and pre-adsorption with immunizing peptide removed the band (manufacturer's datasheet). The antibody has no known cross-reactivity with other GABA A receptor subunits or other proteins. It has been used in a number of studies, including our own (Gao et al. 1993; Broadbelt et al. 2010) .
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The anti-GluA1 antibody (AB1504) is an affinity-purified rabbit polyclonal antibody against the C-terminal peptide of the rat GluA1. Western blots showed a single band at 106 kDa, specific to GluA1 receptors. It has been used in numerous studies, including our own (Talos et al. 2006; Dhar et al. 2009; Adotevi and Leitch, 2017) . The anti-GluN1 monoclonal antibody (#1508-NR1) was tested by the manufacturer (PhosphoSolutions, Aurora, CO, USA) as a single band of the correct molecular weight (120 kDa) against GluN1 from the rat hippocampus, and pre-adsorption with the immunogen completely blocked the signal. It has been successfully used in a number of studies (Davies et al. 2008; Zhang et al. 2008; Hicklin et al. 2011) . The anti-neuron-specific KCC2 mouse monoclonal antibody (#75-013) was a purified immunoglobulin raised against the intracellular C-terminus (amino acids 932-1043) of rat KCC2. Its specificity was confirmed by the manufacturer as a single band at the expected molecular size (140 kDa) in western blots. This antibody has also been used in many studies, including our own (Hedstrom et al. 2008; Horn et al. 2010 ; Liu and Wong-Riley, 2012) . The anti-NKCC1 mouse monoclonal antibody (T4) was a purified immunoglobulin raised against a peptide at the C-terminus (MET-902 to SER-1212) of human NKCC1. By western blot analysis of mouse brain tissue, this antibody recognized a band at the correct size (215 kDa) (Chen et al. 2005) , and failed to show immune signals in the brain tissue of NKCC1 knockout mice (Chen et al. 2005; Liu and Wong-Riley, 2012) . This antibody has been used in a number of studies, including our own (Alvarez- Leefmans et al. 2001; Gilbert et al. 2007; Liu and Wong-Riley, 2012) .
Reaction products within individual neurons of layers II to VI visual cortex were semi-quantified with optical densitometry by means of a Zonax MPM03 photometer (Carl Zeiss, Oberkochen, Germany), a 25× Zeiss PlanApo objective lens (numerical aperture of 0.65) and a 2 μm diameter measuring spot centred on the cytoplasm, as described previously (Liu & Wong-Riley, 2002) . In addition, an ß1 μm diameter spot centred on the cell membrane was used with a 40× Neofluar objective lens (NA of 0.75) (Carl Zeiss) to assess the accumulation of immunoreaction product over the plasma membrane of labelled neurons (Fig. 5B ), henceforth referred to as membrane labelling. In total, 50-150 neurons for each neurochemical in each cortical layer at each age from different animals were measured.
Optical coherence tomography
Acquisition. To assess the progressive structural integrity of the retina from the third to the fifth week after birth, two SD littermates (one male, one female, oculus dextrus (OD)) were imaged with spectral-domain OCT at P23, P30 and P37. In addition, two adult LE rats (one male, one female, OD) were also imaged for comparison between albino and pigmented retinas. An Envisu R2200 (Bioptigen Inc., Morrisville, NC, USA), InVivoVue, version 2.4.33 (Bioptigen Inc.) control software and a rat objective lens (Bioptigen Inc.) were used in conjunction with a custom animal stage for positioning the pupil. Anaesthesia was induced with 5% isoflurane in O 2 at a flow-rate of 1.0 L min −1 , then maintained at 1-4% depending on breathing rate and eye motion. Dilatation and cycloplegia were induced with 1 drop of 1% tropicamide and 2.5% phenylephrine. GenTeal lubricant eye gel and Systane Ultra lubricating eye drops (Alcon, Fort Worth, TX, USA) were used as needed to maintain corneal hydration. Dispersion, reference arm position and polarization of the sample arm were optimized iteratively for each animal at each time point. All scans were displayed and acquired in logarithmic intensity mode and 2.5 mm B-scans (650 A-scans/B-scan) were acquired at a position ß1.25 mm temporal to the centre of the optic nerve head (ONH). The animal was then steered to pan around the retina and screen for any gross abnormalities. Axial length was measured via A-scan ultrasonography (OTI-Scan 1000; OTI Ophthalmic Technologies, Inc., Toronto, Ontario, Canada) at all time points.
Processing and analysis. The data were exported and processed with ImageJ (NIH, Bethesda, MD, USA). The 16-bit greyscale frames of the B-scans were aligned using the TurboReg plugin (http://bigwww.epfl.ch/thevenaz/ turboreg) (Thévenaz et al. 1998 ) with rigid registration after manually selecting a representative template frame. After removing poorly registered frames, the 50 consecutive frames subjectively determined to be the best aligned were averaged. The processed images were imported to Photoshop CS6 (Adobe Systems Inc., San Jose, CA, USA) and scaled and resampled laterally with 'bicubic smoother' interpolation to account for ocular magnification and to obtain an isotropic pixel size. Ocular magnification calculations were based on the assumption that the nominal scan width was accurate for a rat with a 6.91 mm axial length (Lozano & Twa, 2013) . The axial scale was determined using a group refractive index of 1.38 (Wojtkowski et al. 2002) . The images were then registered manually using translation and vertical skew and cropped to a 0.25 mm region of interest (ROI) at a position 1.10 mm temporal to the ONH. This ROI was chosen to avoid large inner retinal vessels and because retinal thickness is relatively homogeneous at this eccentricity from the ONH.
MD. Under ketamine hydrochloride (40 mg kg −1 ), xylazine (2.5 mg kg −1 ) and acepromazine (0.6 mg kg −1 )
I.P. anaesthesia, pups at ages P19, P28 and P35 had one of their lids sutured under sterile conditions. Postoperatively, animals were given carprofen analgesic (Rimadyl; Zoetis Services LLC Parsippany, NJ, USA) (5 mg/kg) S.C. once a day for 2 days and were monitored daily for the duration of the lid suture. Four days after surgery, animals were anaesthetized with isoflurane inhalation and decapitated. Visual cortices from deprived (contralateral to lid suture) and non-deprived (ipsilateral to lid suture) hemispheres were removed and prepared for whole-cell patch clamp recordings. Visual cortical tissues for histochemical and immunohistochemical analyses were fixed by intracardiac perfusion.
In vivo administration of TrkB agonist and antagonist.
At specified ages, animals were injected intraperitoneally with (i) Cazorla et al. 2011) , and the efficacy of the timeline (once a day for 2 days) was based on our previous report (Gao et al. 2015) . The half-life of 7,8-DHF in primates was 4-8 h after oral administration, with a sustained presence in the circulation for 8-24 h (He et al. 2016) . The half-life of ANA-12 is not known. However, the in vivo effect of BDNF/TrkB is much longer lasting as a result of their downstream signal cascading event (Yoshii and Constantine-Paton, 2010) . For normal animals, the above solutions were injected once a day for 2 days (P23-P24, P29-P30, or P35-P36) and recordings were performed 1 day after the second injection (i.e. P25, P31 and P37). For monocularly-deprived animals with 4 days of lid suture, one of the above solutions was injected once on the first day and once on the third day of lid suture within three periods (P19-P23, P28-P32 and P35-P39). On the fourth day of deprivation (i.e. P23, P32 and P39), animals were either perfused for neurochemical processing or their fresh visual cortices were prepared for whole-cell patch clamp recordings.
Statistical analysis
Data are presented as the mean ± SEM. Statistical comparisons of synaptic development or of neurochemical development among normal age groups were conducted using one-way ANOVA (to control for the type I comparison-wise error rate). When significant differences were found, comparisons were made between successive age groups (e.g. P14 vs. P15, P15 vs. P16, etc.) using Tukey's Studentized range test (a post hoc multiple comparisons to control for the type I experiment-wise error rate). Regression analysis was used to determine the developmental trends of amplitudes and frequencies of sEPSCs and sIPSCs from P14 to P27. For comparing monocularly-deprived and non-deprived samples against those treated with or without TrkB agonist (7, or antagonist (ANA-12), two-way ANOVA followed by Tukey's comparisons was used. Bonferroni corrections were performed for significance among groups. P < 0.01 was considered statistically significant for one way or two-way ANOVA. P < 0.05 was considered statistically significant for Tukey's test.
Results
All of the results were obtained from SD rats, with the exception of those shown in Fig. 8 and part of Fig. 7 , for which the neurochemical data were from LE rats and the retinal data were from both SD and LE rats.
Electrophysiological analysis of normal visual cortical development
The basic electrophysiological characteristics of layer V pyramidal neurons (resting membrane potential, membrane capacitance, input resistance, rheobase current and series resistance) at representative time points are shown in Table 2 . Tukey's tests, comparing the values of one age group with its adjacent younger age group in each category, revealed a significant increase in the rheobase current at P28-P30 compared to P23-P25. This indicates that it required significantly more current to elicit action potentials at P28-P30 than at P23-P25.
Daily (from P14 to P36) whole-cell patch clamp recordings of layer V pyramidal neurons in the primary visual cortex revealed a significant difference among the ages (P < 0.0001; one-way ANOVA). From P14 to P27, the frequency showed a greater increase with age than the amplitude (regression coefficient of 0.1784 vs. 0.0864) (Fig. 1A and B) (Table 3) . From P28 to P33, however, Figure 1 . Development of sEPSCs in the rat visual cortex A and B, mean amplitudes and frequencies of sEPSCs in layer V pyramidal neurons recorded daily from P14 to P36. The amplitudes decreased significantly at P28 (P < 0.001) and remained low until rising at P34 (P < 0.001) to P27 levels. The frequencies decreased gradually from P27 to P29 and stayed low until increasing significantly at P34 (P < 0.001). N ࣙ 15 from at least two litters for each time point tested.C, sample traces of sEPSCs at P24, P30 and P36. D, histograms and comparisons of mean ± SEM amplitudes and frequencies of sEPSC at P24, P30 and P36. All pairwise comparisons are significant. For amplitudes, P24 vs. P30: * * * P < 0.001; P30 vs. P36: * * * P < 0.001; P24 vs. P36:
* P = 0.0312. For frequencies, P24 vs. P30: * P = 0.0112; P30 vs. P36: * * * P < 0.001; P24 vs. P36: * P = 0.0111. E, 10-90% rise time of sEPSCs remained stable with age (mean ± SEM). F, decay time of sEPSCs (mean ± SEM) accelerated with age (P14 vs. P36: P < 0.001). both parameters fell precipitously and significantly below those of the previous period (P < 0.001 for amplitudes). At P34, both increased significantly (P < 0.001) to levels comparable to those of P27, and remained so for the following 2 days examined. Sample tracings of sEPSCs at P24, P30 and P36 are shown in Fig. 1C . Clearly, both the amplitudes and frequencies of sEPSCs were strikingly lower at P30 than those at the other two time points tested. Quantitative analysis indicated statistical significance for all pairwise comparisons (P < 0.05 to P < 0.001) (Fig. 1D) . The 10-90% rise time of sEPSCs did not vary significantly with age ( Fig. 1E) , although the decay time accelerated significantly with age (P14 vs. P36: P < 0.001; one-way ANOVA followed by Tukey's test) (Fig. 1F) . The developmental trend of sIPSCs from P14 to P27 also showed an increase with age, with a steeper slope for the frequency than for the amplitude (regression coefficient of 0.1958 vs. 0.1043) ( Fig. 2A and B) (Table 3) . At P28, however, both parameters rose suddenly and significantly (P < 0.001) and were sustained until P33, before falling significantly at P34 (P < 0.001) to levels comparable to those at P27, and then remained so for the next 2 days examined. Sample traces of sIPSCs at P24, P30 and P36 are shown in Fig. 2C and quantitative analysis indicated significantly higher values at P30 than those at P24 or P36 (P < 0.001) (Fig. 2D ). Both the 10-90% rise time and decay kinetics of sIPSCs accelerated with age (P14 vs. P36: P < 0.001 for both; one-way ANOVA followed by Tukey's test) (Fig. 2E and F) . Figure 3 illustrates the development of mEPSCs ( Fig. 3A and B) and mIPSCs ( Fig. 3C and D) in layer V pyramidal neurons at representative time points from P23 to P36. One-way ANOVA indicated significant differences among the ages for the amplitudes of mEPSCs (Fig. 3A) and for both the amplitudes and frequencies of mIPSCs ( Fig. 3C and D) (P < 0.01 for all). There was a significant reduction in the amplitude of mEPSCs at P28 compared to P27 (P < 0.05, Tukey's test) and it remained low at P30, P32 and P33, although it was significantly increased at P34 (P < 0.05) (Fig. 3A) . A downward trend was found for the frequency of mEPSCs at P28 and P30, although it did not reach statistical significance (Fig. 3B) . On the other hand, an upward trend in both the amplitude and frequency of mIPSCs was revealed from P23 to P32, although day-to-day comparisons by the Tukey's test did not yield a significant difference ( Fig. 3C and D) .
E/I ratio and AMPA/NMDA receptor-mediated eEPSC ratio
Evoked EPSCs and IPSCs were recorded from the same visual cortical neurons at each of the four ages (P18, P25, P28 and P36). Representative tracings at P18 and P28 are shown in Fig. 4A . One-way ANOVA and Tukey's test indicate that the E/I ratio was significantly reduced at P28, a time of synaptic imbalance, compared to the other three time points (P18: 0.6521 ± 0.0978; P25: 0.7086 ± 0.0845; P28: 0.2976 ± 0.08253; P36: 0.708 ± 0.07449; P18 vs. P28, P < 0.0001; P25 vs. P28, P < 0.0001; P28 vs. P36, P < 0.0001) (Fig. 4B) . No significance was found when the other three time points were compared with each other.
The AMPA/NMDA receptor-mediated eEPSC ratio was analysed before, during and after the period of synaptic imbalance. Figure 4C shows typical tracings of AMPA and NMDA receptor-mediated eEPSCs at P35. One-way ANOVA did not reveal any statistically significant differences in their ratio among the three age groups tested (the mean ± SEM values for each group are: P23-P24: 1.8181 ± 0.3584; P28: 1.1565 ± 0.1251; P35-P36: 1.1682 ± 0.1204) (Fig. 4D ).
Neurochemical development
To probe for the neurochemical basis of synaptic imbalance, we examined developmental trends of CO, GluN1, GluA1, GABA A Rα1, BDNF, TrkB, NKCC1 and KCC2 in individual visual cortical neurons within layers II to VI daily, from P14 to P36. Representative low magnification images of labelled neurons at P26 are shown in Fig. 5A . In agreement with our previous study (Wong-Riley, 1988) , cytochrome oxidase was rich particularly in the neuropil of lower layers III and IV, and it 10-90% rise time (ms) Figure 2 . Development of sIPSCs in the rat visual cortex A and B, mean amplitudes and frequencies of sIPSCs in layer V pyramidal neurons daily from P14 to P36. Both parameters increased significantly at P28 (P < 0.001 for both) and stayed high until falling abruptly at P34 (P < 0.001 for both). N ࣙ 15 from at least two litters for each time point tested. C, sample traces of sIPSCs recorded at P24, P30 and P36. D, histograms and comparisons of mean ± SEM amplitudes and frequencies of sIPSCs at P24, P30 and P36. Pairwise comparisons reaching significance are indicated with asterisks. For amplitudes, P24 vs. P30: * * * P < 0.001; P30 vs. P36: * * * P < 0.001. For frequencies, P24 vs. P30: * * * P < 0.001; P30 vs. P36: * * * P < 0.001. E, 10-90% rise time of sIPSCs (mean ± SEM) with age. F, decay time of sIPSCs (mean ± SEM) with age. Both rise time and decay time accelerated with age (P14 vs. P36: P < 0.001 for both).
highlighted neuronal cell bodies of layers V and VI. GluN1 was prominent in the neuropil in the granular and supragranular layers, as well as in neuronal somata throughout the cortex, especially in pyramidal neurons of layer V. GluA1 immunoreactivity was observed in the somata and plasma membrane of many neurons, especially pyramidal neurons, but also some non-pyramidal neurons, as well as the neuropil throughout the cortex. GABA A Rα1 was also more prominent in both the neuropil and neurons in the upper layers, although labelling was also found in both non-pyramidal and pyramidal neurons throughout the cortex. BDNF was present in the neuropil, as well as in the perikarya of pyramidal and many non-pyramidal neurons throughout the cortex. TrkB immunoreactivity was distinct in cell bodies of all neurons throughout the cortex. NKCC1 and KCC2 were clearly observed in the cell bodies and neuropil (mainly in proximal dendrites) throughout the cortex, and immunoreaction product was also clearly present in the plasma membrane of many labelled neurons. Membrane labelling of GluN1, GluA1, GABA A Rα1 and TrkB in layer V pyramidal neurons at P26, P30 and P36 are shown at higher magnification in Fig. 5B . Control sections reacted without any primary antibodies but yielded no labelling with either the goat-anti-mouse or the goat-anti-rabbit secondary antibody (Fig. 5A, right) . Optical densitometric analysis of single neurons in layers II to VI revealed that the developmental trends of CO, GluN1, GluA1, BDNF and TrkB, did not follow continuous, linear paths (Fig. 6A, B, C, E and F) . Instead, against a general increase with age, their expression fell abruptly between P28 and P33/P34, before returning to P27 levels at P34/P35. This trend was similar among neurons of layers II to VI. On the other hand, the expression of GABA A Rα1 exhibited a steady increase with age from P14 to P36 in all five cellular layers (Fig. 6D ). There was a sharper rise in GABA A Rα1 expression within layers II, III and VI neurons between P27 and P31, before this levelled off at P32. This increase from P27 to P31 was statistically significant in all five cellular layers (P < 0.001 for all). The expression of NKCC1 decreased with age, whereas that of KCC2 increased with age ( Fig. 6G and H and IPSCs (C and D) in layer V pyramidal neurons at representative time points from P23 to P36. One-way ANOVA indicated significant differences among the ages for the amplitudes of mEPSCs (A) and for both the amplitudes and frequencies of mIPSCs (C and D) (P < 0.01 for all). Tukey's tests comparing one age group with the immediately adjacent younger age group revealed a significant decrease in the amplitude of mEPSCs at P28 (P < 0.05) and a significant increase in the amplitude of mEPSCs at P34 (P < 0.05). N for mEPSCs at each time point between P23 and P27 = 13-30; at P28-P33 = 26-37; and at P34-P36 = 21-37; N for mIPSCs at each time point between P23 and P27 = 19-46; at P28-P33 = 29-40; and at P34-P36 = 16-45.
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and the two trends intercepted at around P27 (Fig. 6H,  inset) .
To compare the developmental trends of cytoplasmic vs. membrane labelling of neurotransmitter receptors GluN1, GluA1 and GABA A Rα1, as well as the BDNF receptor TrkB, we performed optical densitometric measurements of immunoreaction product localized to the cytoplasm vs. the cell membrane in the same cells (layer V pyramidal neurons) daily, from P15 to P37. Figure 7 shows that the labelling of each receptor in the two locations followed almost the same developmental trend.
Neurochemical development in LE rats
To ensure that neurochemical changes were not unique to SD rats, we analysed the developmental trends of CO, GluN1, GABA A Rα1 and BDNF in the hooded LE rats. As shown in Figure 8A -D, the trends in these rats were almost identical to those of SD rats (Fig. 6A , B, D and E), except that there was a 1 day shift because the eye opened 1 day later (P15 vs. P14). Again, a distinct dip occurred in the expression of CO, GluN1 and BDNF from the end of the fourth to the end of the fifth postnatal weeks, before returning to high levels thereafter (Fig. 8A, B and D) .
As in the SD rats, the expression of GABA A Rα1 increased in LE rats with age (Fig. 8C) .
Retinal OCT and histology of SD and LE rats
To ensure that unexpected cortical changes did not result from any unforeseen retinal changes, OCT was performed on a male and a female SD rat before, during and after the period of synaptic imbalance (P23, P30 and P37, respectively). No remarkable difference was found in retinal layering and retinal thickness among the three time points in both animals (Fig. 8E ). For comparison, OCT was performed on a pair of adult male and female LE rats. The images were almost identical to those of the SD rats (Fig. 8E) . No signs of abnormality were observed at any time point in any animal when steered to pan around the retina (data not shown). The average rate of change in eye axial length between the two SD rats was approximately linear at 77.6 μm day −1 (female: 68.3 μm day −1 , r 2 = 0.930; male: 86.8 μm day −1 , r 2 = 1.00). By P37, the male SD rat reached an axial length similar to that of the adult male LE rat (6.84 mm vs. 7.0 mm). Nissl-stained retinal sections also showed an almost identical retinal layer thickness between the SD and LE rats at P37 (Fig. 8F) . and P28. The amplitude of eIPSC was greater and that of eEPSC was less at P28 compared to those at P18. B, E/I ratio of P18, P25, P28 and P36, respectively. The E/I at P28 (N = 9; 6 stimulations for each cell) was significantly less than those at P18 (N = 9), P25 (N = 9) and P36 (N = 5). P < 0.0001 for all comparisons. C, representative tracings of AMPA and NMDA receptor-mediated eEPSCs at P23-P24, P28 and P35. D, AMPA/NMDA receptor-mediated synaptic ratio at P23-P24 (N = 8), P28 (N = 6) and P35-P36 (N = 6). No significant differences were found among the three groups.
Effect of 7,8-DHF on synaptic activity
To determine whether exogenous BDNF would affect cortical synaptic development, and because BDNF does not readily cross the blood-brain barrier (Makar et al. 2008) , we administered a TrkB agonist, 7,8-DHF, which does cross the blood-brain barrier (Jang et al. 2010) , once a day for 2 days, in vivo, at P23 and P24; P29 and P30; or P35 and P36. Responses in layer V pyramidal neurons 1 day after the second dose indicated that 7,8-DHF significantly enhanced the amplitudes and frequencies of sEPSCs only when administered during the period of synaptic imbalance (P29 and P30) (P < 0.001) and not at the other two time points tested ( Fig. 9A and B) . On the other hand, 7,8-DHF significantly suppressed the amplitudes (P = 0.0036) and frequencies (P = 0.0297) of sIPSC also when given at P29-P30, and not at the other two time points tested ( Fig. 9C and D) . No significance was found for either sEPSCs or sIPSCs when 7,8-DHF was given at P15 and P16 and recorded at P17 (data not shown). II  III  IV  V  VI   II  III  IV  V  VI   II  III  IV  V  VI   II  III  IV  V  VI   II  III  IV  V  VI   II  III  IV  V  VI   II  III  IV  V  VI   II  III and P33/P34. On the other hand, the expression of GABA A Rα1 continued to rise with age. The expression of NKCC1 decreased with age, whereas that of KCC2 increased with age. The two trends intersected at around P27 (H, inset) . N = 100-150 from at least two litters for each time point tested.
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Effect of ANA-12 on synaptic activity
Comparable experiments were performed with a TrkB antagonist, ANA-12, once a day for 2 days, in vivo, at the same three time points (P23-P24, P29-P30 and P35-P36) and recorded from layer V pyramidal neurons 1 day later (at P25, P31 and P37, respectively). As shown in Figure 9E and F, ANA-12 reduced both the amplitudes and frequencies of sEPSCs, reaching significance only during the period of synaptic imbalance (P31) (P < 0.0003) and not at the other two time points tested. On the other hand, ANA-12 significantly enhanced the amplitudes of sIPSCs at P25 (P < 0.0003) and P31 (P = 0.0012), as well as the frequencies of sIPSCs at P31 (P < 0.0003) and P37 (P = 0.0414)) ( Fig. 9G and H) . No significant difference was found for either sEPSCs or sIPSCs when ANA-12 was given at P15 and P16 and recorded at P17 (data not shown).
Effect of MD on synaptic activity with and without in vivo 7,8-DHF
Monocular lid suture (MD) is known to have its greatest effect during the critical period (Hubel & Wiesel, 1970) . To determine whether MD led to a different synaptic response before, during and after the period of synaptic imbalance, as well as whether 7,8-DHF in vivo would induce a different effect, we monocularly lid sutured SD rats at P19, P28 or P35 for 4 days, and 7,8-DHF was given on the first and third days of MD. Patch clamp recordings were performed on layer V pyramidal neurons on the fourth day (i.e. at P23, P32 and P39). As shown in Figure 10A and B, MD reduced the amplitudes and frequencies of sEPSCs at P23 and P32 (P < 0.05 to P < 0.01), although it had relatively little effect at P39. It also decreased the amplitudes and frequencies of sIPSCs, reaching significance only at P32 (P < 0.05 to P < 0.01) (Fig. 10C and D) .
When 7,8-DHF was given in conjunction with MD, even though it did not prevent the reduction of sEPSC amplitudes and frequencies by MD at P23 and P32 (P < 0.05 to P < 0.01), it did raise both values in both non-deprived and deprived neurons above those of their respective, non-treated counterparts only at P32 (P < 0.05 to P < 0.01) and not at the other two ages examined ( Fig. 10A and B) . As for sIPSCs, 7,8-DHF down-regulated further the amplitudes and frequencies in both non-deprived and deprived cortical neurons only at P32 (P < 0.05) and not at the other two time points tested ( Fig. 10C and D) . A 1-day delay in eye opening in these rats led to analysis from P15 to P37. The developmental trends of CO (A), GluN1 (B), GABA A Rα1 (C) and BDNF (D) in LE rats were virtually identical to those of SD rats (Fig. 6 ). N = 50-100 neurons from two litters for each layer at each time point tested. E, OCT of SD and adult LE rats. No evidence of major retinal changes was observed in SD rats from the third to fifth postnatal weeks. Log intensity OCT images from the same female (F) and male (M) SD rats at P23, P30 and P37 are shown. For comparison, images from an adult female and an adult male LE rats are included at approximately the same retinal location. For display purposes, images have been manually contrast stretched. Scale bar: 100 μm. F, Nissl-stained retinal sections from SD and LE rats, both at P37. All retinal layers were comparable in thickness between the two strains. NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; EZ, ellipsoid zone of the inner segment of photoreceptor cells; IS, inner segment; OS, outer segment of photoreceptors; RPE/BM, retinal pigmented epithelium/Bruch's membrane. Scale bar: 25 μm. D, G and H) at three time points (injections at P23-P24, P29-P30 or P35-P36, and recordings 1 day later at P25, P31 and P37, respectively). Note that 7,8-DHF significantly increased the amplitudes and frequencies of sEPSC but decreased those of sIPSCs only at P31. N = 14 for controls at P25 and at P37; and N = 15 for controls at P31 and for 7,8-DHF-injected at each of the three time points tested for sEPSCs and sIPSCs, respectively. On the other hand, ANA-12 significantly decreased the amplitudes and frequencies of sEPSC only at P31, whereas it increased those of sIPSCs mainly at P31, and also increased the amplitudes of sIPSCs at P25 and the frequencies at P37. For controls: N = 14 at P25 and at P37, and 15 at P31; for ANA-12-treated: N = 15 at P25, 16 at P31 and 14 at P37 for each of sEPSCs and sIPSCs. A, * * * P < 0.0003. B, * * * P < 0.0003. C, * * P = 0.0036. D, * P = 0.0297. E, * * * P < 0.0003. F, * * * P < 0.0003. G, * * * P < 0.0003 for P25 and * * P = 0.0012 for P31. H, * * * P < 0.0003 for P31 and * P = 0.0414 for P37.
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In vivo application of the vehicle (DMSO) did not result in any changes different from MD alone (data not shown).
Effect of MD on synaptic activity with and without in vivo ANA-12
To ensure that our observations were indeed specific to BDNF/TrkB, we ran a parallel study with the TrkB antagonist, ANA-12. The effects of MD alone were comparable to those described above (Fig. 11) . ANA-12 suppressed further the amplitudes of sEPSCs in both non-deprived and deprived neurons at P32 (P < 0.05 to P < 0.01) and not at the other two time points tested ( Fig. 11A and B) . On the other hand, ANA-12 significantly up-regulated further both the amplitudes and frequencies of sIPSCs in both non-deprived and deprived neurons only at P32 (P < 0.05 to P < 0.01) and not at the other two time points tested (Fig. 11C and D) .
Again, in vivo application of the vehicle (DMSO) did not result in any changes different from MD alone (data not shown). . Note that MD reduced the amplitudes and frequencies of sEPSCs but significantly reduced the amplitudes and frequencies of sIPSCs in both non-deprived and deprived cortical neurons only at P32. N = 8 for non-deprived neurons at each of the three age groups for sEPSCs or sIPSCs. For deprived neurons, N = 8 at P32 and at P39, and N = 6 at P23 for sEPSCs or sIPSCs. N = 6 for non-deprived + 7,8-DHF neurons at each of the three age groups for sEPSCs or sIPSCs. For deprived + 7,8-DHF neurons, N = 8 at P23 for sEPSCs or sIPSCs, and N = 6 at P32 and at P39 for sEPSCs or sIPSCs. A, at P23: 
Effect of MD on neurochemical expression with and without in vivo 7,8-DHF or ANA-12
To determine whether synaptic changes observed above had a neurochemical counterpart, we analysed the expression of CO, GluN1, GABA A Rα1, BDNF and TrkB in layer V neurons monocularly deprived for 4 days during the same three time periods with or without 7,8-DHF or ANA-12. Figure 12 shows that MD reduced the expression of all neurochemicals tested at P32, with or without 7,8-DHF or ANA-12 (P < 0.001 for all). However, 7,8-DHF up-regulated, whereas ANA-12 down-regulated, all of these neurochemicals (except for GABA A Rα1) in both non-deprived and deprived cortical neurons during this period (P < 0.001 for all, except for CO, where P = 0.006 when 'Deprived' was compared with 'Deprived + 7,8-DHF') ( Fig. 12A, B Comparable experiments as those shown in Fig. 10 were performed, except that 7,8-DHF was replaced by ANA-12.
Note that MD reduced the amplitudes and frequencies of sEPSCs before and during, but not after the period of synaptic imbalance (A and B) . However, it reduced the amplitudes and frequencies of sIPSCs only during the period of synaptic imbalance (P32) (C and D) . In vivo ANA-12 significantly decreased the amplitudes and frequencies of sEPSCs but significantly increased those of sIPSCs in both non-deprived and deprived cortical neurons only at P32. N = 8 for non-deprived neurons at each of the three age groups for sEPSCs or sIPSCs. For deprived neurons, N = 8 at P32 and at P39, and N = 6 at P23 for sEPSCs or sIPSCs. For non-deprived + ANA-12 neurons, N = 8 at P23, and N = 6 at P32 and at P39 for sEPSCs or sIPSCs. For deprived + ANA-12 neurons, N = 8 at P23, and N = 6 at P32 and at P39 for sEPSCs or sIPSCs. A, at P23: down-regulated by 7,8-DHF but up-regulated by ANA-12 in both non-deprived and deprived neurons at P32 (P < 0.001 for both) ( Fig. 12C and H) . MD had relatively little effect outside of the period of synaptic imbalance with the following exceptions: (i) GluN1 was significantly up-regulated by 7,8-DHF in non-deprived neurons at P23 (P < 0.001) (Fig. 12B ) but was significantly down-regulated by ANA-12 in deprived neurons at P39 (P < 0.01) (Fig. 12G) ; (ii) BDNF was down-regulated in deprived cortical neurons at P23 with or without 7,8-DHF (P < 0.001 and P = 0.023, respectively) but was up-regulated by 7,8-DHF in non-deprived neurons at this time (P < 0.001) (Fig. 12D) ; and (iii) GABA A Rα1 level was raised by ANA-12 in non-deprived neurons at P23 (P < 0.001) (Fig 12H) and a difference was seen between non-deprived and deprived neurons at P23, both treated with ANA-12 (P = 0.017) (Fig. 12H) .
In vivo DMSO yielded results not statistically different from those of MD alone (data not shown).
Discussion
We have uncovered four striking features of visual cortical development not previously recognized in normal and monocularly-deprived rats: (i) against a gradual increase in excitatory and inhibitory development with age, an abrupt and transient period of synaptic imbalance existed within a defined time, from P28 to P33/P34; (ii) during this period, not only was inhibition markedly enhanced, but also excitation was abruptly depressed, as indicated by a significant reduction in the E/I ratio; (iii) the expression of BDNF and its TrkB receptors was decreased rather than elevated as previously assumed, and this may comprise the underlying mechanism of the transient imbalance. Exogenous TrkB agonist (7,8-DHF) partially reversed, whereas a TrkB antagonist (ANA-12) accentuated, the imbalance; and (iv) this transitory phase created a critical period of vulnerability, when functional perturbation such as MD is more detrimental than before or after this period. These findings challenge the prevailing view that development trends follow linear paths, and that the relationship between inhibition and BDNF is a positive one during the critical period of visual cortical development. It also revealed that MD suppressed not only excitatory, but also inhibitory synapses, especially during the critical period.
The transient synaptic imbalance in the cortex is probbaly not a result of unforeseen retinal degeneration. The retinal thickness analysed with OCT remained relatively constant from P23 to P37 and was comparable to that of the adult LE rats (Fig. 8E) , in agreement with a previous OCT study of similar thickness between adult LE and albino Wistar rats (Berger et al. 2014) . Our animals were exposed only to normal room lighting, which is not known to cause any retinal pathology in SD rats (O'Steen et al. 1974) , unlike the case of Royal College of Surgeons rats (Prokosch et al. 2011) . The neurochemical development of the LE visual cortex was also almost identical to that of the SD rats (Fig. 8A-D) .
The existence of a critical period of visual cortical development is well-recognized subsequent to the pioneering work of Hubel & Wiesel (1970) . However, the exact timing of this period in the rat is variable among the reported studies, ranging from the time of eye opening to as late as P50 (Rothblat & Schwartz, 1979; Guire et al. 1999) . Typically, only a few time points were examined, and intervening times were assumed to be a continuum. Such assumptions can be misleading. The length and timing of MD also varied among studies (Rothblat & Schwartz, 1979; Deidda et al. 2015) . A 'peak' in the critical period has been reported for rats (Fagiolini et al. 1994) and mice (Gordon & Stryker, 1996) and falls within our period of synaptic imbalance.
The opening and closure of this period have been attributed to the maturational process of inhibitory GABAergic transmission (Hensch et al. 1998; Jiang et al. 2005; Levelt & Hübener, 2012; Li et al. 2012) . In mice whose gene for GABA synthesizing enzyme (GAD65) has been mutated, the onset of the critical period is halted but can be triggered by an exogenous GABA A receptor agonist, diazepam (Fagiolini & Hensch, 2000) . Our findings of a sudden rise in both the amplitudes and frequencies of sIPSCs at the start of the transient period (P28) and a sustained inhibitory enhancement with a continuous rise in GABA A Rα1 expression through P33/P34 are consistent with the critical period being characterized by augmented inhibition. Although the rise in GABA A Rα1 immunoreactivity was a steady incline, the synaptic sIPSCs showed a sharp rise at P28, which correlated with a switch in dominance from NKCC1 to KCC2, 1 day earlier (around P27) (Fig. 6H ), indicating that a decline in intracellular Cl − favoured a more inhibitory hyperpolarizing action of GABA, regardless of whether the density of receptors was greatly increased or not. Besides enhanced inhibition; however, our data also revealed a definitive suppression of excitatory synaptic transmission during that time, with a significant reduction in both the amplitudes and frequencies of sEPSCs, and a down-regulation of excitatory neurotransmission involving both NMDA and AMPA receptors.
Changes in sEPSCs and sIPSCs were paralleled by similar developmental trends in mEPSCs and mIPSCs, albeit with some subtle differences. A significant fall at P28 and a significant rise at P34 in the amplitudes of both sEPSCs (Fig. 1A) and mEPSCs (Fig. 3A) indicate that such a fall during the transient period was mainly the result of a postsynaptic adjustment of excitatory receptors, in agreement with an abrupt down-regulation of GluN1 and GluA1 at that time ( Fig. 6B and C) . The decline in J Physiol 596.18 the frequencies of sEPSCs from P28 to P33 (Fig. 1B) probably resulted from both a reduction in excitatory drive and an increase in inhibitory input. The removal of action potentials by the addition of TTX in mEPSCs led not only to less excitatory, but also less inhibitory input, resulting in a lower reduction in the frequencies of mEPSC than that of sEPSCs (Fig. 3B) . In the case of IPSCs, the amplitudes of sIPSCs showed a significant rise between P28 and P33 ( Fig. 2A) , whereas those of the mIPSCs had a more gradual increase (Fig. 3C ). This suggests that the density of postsynaptic inhibitory (GABAergic) receptors increased steadily during that time (mIPSCs), in agreement with a gradual increase in GABA A Rα1 expression with age (Fig. 6D) . The development of the Cl − importer KCC2 also showed a steady increase with age (Fig. 6H) . However, strong inhibitory spiking input within that period might induce a longer and/or more frequent opening of Cl − channels, leading to a striking increase of sIPSC amplitudes. A more prominent rise in the frequencies of sIPSCs (Fig. 2B ) than that of mIPSCs ( Fig. 3D ) during this period indicates that the presynaptic inhibitory spiking activity generated a strong response in sIPSCs, and its removal in mIPSCs resulted in a lesser, although still pronounced response.
Reduced excitation was also accompanied by a reduced level of cytochrome oxidase, a marker of primarily postsynaptic excitatory activity that requires energy to repolarize the membrane after depolarization (Wong-Riley, 1989) . Less excitatory activity during the transient period resulted in less energy demand in visual cortical neurons. The synaptic imbalance most probably renders this period more vulnerable to functional perturbations, such as MD. Indeed, MD consistently disrupts both synaptic and neurochemical development much more so during this transient period than before or after the period (Figs 10-12) .
A major difference between past interpretations of the critical period and the findings of the present study concerns the relationship between BDNF and GABA inhibition. BDNF has been proposed and widely accepted to be necessary for the maturation of GABAergic inhibition during the critical period (Hanover et al. 1999; Huang et al. 1999) . BDNF transcript levels rise after eye opening (Bozzi et al. 1995; Bracken & Turrigiano, 2009) , as does the maturation of GABAergic synaptic transmission (Hensch et al. 1998; Jiang et al. 2005) . Over-expressing BDNF in mice 'hastens the maturation of cortical inhibition' and 'induces an earlier closure of the critical period' (Hanover et al. 1999; Huang et al. 1999) . A reduced level of BDNF has also been proposed to contribute to 'retarded maturation of GABAergic inhibition' (Gianfranceschi et al. 2003) . The findings of the present study, however, suggest a different scenario: a reduction rather than a rise in the expression of BDNF (and its TrkB receptors) may be necessary for the normal maturation of inhibitory synaptic transmission during the critical period. With regard to the underlying rationale, first, there is a temporal coincidence between a precipitous fall in BDNF/TrkB expression, a surge in amplitudes and frequencies of sIPSCs, and a continual rise in GABA A Rα1 expression during the transient period. Second, exogenous TrkB agonist (7,8-DHF) significantly suppressed inhibitory synaptic transmission and neurochemical expressions but enhanced excitatory ones specifically during the transient period. A TrkB antagonist (ANA-12) had the opposite effect. These findings are consistent with the known action of BDNF in enhancing excitation and attenuating inhibition (Levine et al. 1995; Tanaka et al. 1997; Poo, 2001; Martin & Finsterwald, 2011) . In the hippocampus, BDNF potentiates evoked glutamate release when the postsynaptic neuron is glutamatergic but not when it is GABAergic (Schinder et al. 2000) . Moreover, BDNF may reduce the efficacy of inhibitory transmission by down-regulating Cl − transport (Wardle & Poo, 2003) . Third, with MD, exogenous 7,8-DHF significantly enhanced the amplitudes and frequencies of sEPSCs in both non-deprived and deprived cortical neurons, but it significantly reduced those of sIPSCs primarily within the transient period, and ANA-12 had the opposite effect (Figs 9). Thus, if the level of BDNF/TrkB is reduced during the transient period, it facilitates the growth and maturation of inhibitory synaptic transmission at the same time as suppressing the influence of excitatory ones. Exogenous TrkB agonist and antagonist have less of an effect immediately outside of the transient period, presumably because endogenous BDNF and TrkB levels are already high at those times.
How can the present results be reconciled with previous conclusions? Several possibilities exist. First, over-expressing BDNF may indeed hasten maturation, although it probably hastens the establishment of excitatory synaptic connections first before inhibitory ones can flourish. Second, it is not known whether BDNF and TrkB undergo a transient period of down-regulation at the same time as inhibitory GABAergic synapses mature in transgenic mice over-expressing BDNF. This remains to be determined. Third, there may be a species difference. This necessitates closely timed comparisons between BDNF/TrkB and GABAergic expression in mice. Comparable developmental trends in neurochemical expression are found in LE rats ( Fig. 8 ; the present study). Fourth, it is possible that BDNF facilitates early GABAergic synaptic growth, when GABA mediates excitatory depolarization as a result of the dominant action of the Cl − importer NKCC1 (Ben-Ari, 2002). However, BDNF is known to inhibit the Cl − exporter KCC2 (Rivera et al. 2002) , which aids in the conversion of GABAergic action from depolarizing to hyperpolarizing during neuronal maturation (Rivera et al. 1999) . Finally, as yet unidentified factor(s) and/or neurochemical(s) may also facilitate the maturation of inhibitory GABAergic synapses in the visual cortex.
The existence of a critical period in visual cortical development is known and well accepted for decades, yet the rationale behind such a period has remained elusive. Is a transitory period of synaptic imbalance inevitable during development? It is known that excitatory synapses develop and mature earlier than inhibitory ones in the rat cortex (Sutor & Luhmann, 1995) . This is essential for establishing key extrinsic and intrinsic excitatory connections within the visual cortex. BDNF most probably supports and enhances the growth and establishment of these excitatory connections. BDNF is known to affect neurite outgrowth, synapse formation and synaptic efficacy. In turn, neuronal activity augments BDNF expression (Thoenen, 1995; Yoshii & Constantine-Paton, 2010) . However, the refinement of this system requires the development and maturation of inhibitory modulation. GABA-mediated inhibition is involved in the development of ocular dominance, orientation sensitivity, directional selectivity and receptive field substructure in visual cortical neurons (Wolf et al. 1986; Hensch & Stryker, 2004) . Such enhancement of GABAergic inhibition would benefit from a transient down-regulation of BDNF/TrkB expression. The critical period is a time of experience-dependent synaptic refinement and, during this period, the orchestration of suppressed excitation and enhanced inhibition probably involves many players. In the respiratory system, excitatory synapses also develop earlier than inhibitory ones (Gao et al. 2011 ). There, we found a similar, albeit earlier and briefer critical period (P12-P13 in the rat) of synaptic imbalance, with enhanced inhibition and reduced excitation, and with suppressed expression of BDNF and TrkB, when the response of the animal to hypoxia is at its weakest (Liu & Wong-Riley, 2002 , 2013 Gao et al. 2011 Gao et al. , 2014 Gao et al. , 2015 . We regard the period of synaptic imbalance as the peak critical period of vulnerability that is necessary for visual cortical (or other systems) neurons to transition from an immature to a more mature state of functioning. BDNF may be an important mechanism underlying such an imbalance during the critical period of neuronal development. Adult-like visual cortical physiology is reportedly in place after the end of the fifth postnatal week in the rat (Fagiolini et al. 1994) . At that time, a state of balanced excitation and inhibition is presumably reached for mature visual processing.
